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Abstract
Interval-type exercise is effective for improving glycemic control, but the optimal approach
is unknown. The purpose of this study was to determine the importance of the interval
length on changes in postprandial glycemic control following a single exercise bout. Twelve
subjects with type 2 diabetes completed a cross-over study with three 1-hour interventions
performed in a non-randomized but counter-balanced order: 1) Interval walking consisting
of repeated cycles of 3 min slow (aiming for 54% of Peak oxygen consumption rate
[VO2peak]) and 3 min fast (aiming for 89% of VO2peak) walking (IW3); 2) Interval walking
consisting of repeated cycles of 1 min slow and 1 min fast walking (IW1) and 3) No walking
(CON). The exercise interventions were matched with regards to walking speed, and VO2
and heart rate was assessed throughout all interventions. A 4-hour liquid mixed meal toler-
ance test commenced 30 min after each intervention, with blood samples taken regularly.
IW3 and IW1 resulted in comparable mean VO2 and heart rates. Overall mean postprandial
blood glucose levels were lower after IW3 compared to CON (10.3±3.0 vs. 11.1±3.3 mmol/
L; P < 0.05), with no significant differences between IW1 (10.5±2.8 mmol/L) and CON or
IW3 and IW1 (P > 0.05 for both). Conversely blood glucose levels at specific time points
during the MMTT differed significantly following both IW3 and IW1 as compared to CON.
Our findings support the previously found blood glucose lowering effect of IW3 and suggest
that reducing the interval length, while keeping the walking speed and time spend on fast
and slow walking constant, does not result in additional improvements.
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Introduction
Physical activity is part of the first line treatment in type 2 diabetes and the effect of physical
activity on glycemic control is extensively investigated with well-documented beneficial effects
[1,2]. The optimal training approach regarding type, duration and training intensities, how-
ever, is still not fully elucidated.
Subjects with type 2 diabetes are recommended to do moderate-intensity aerobic exercise at
least three days per week with no more than two consecutive days without exercise [3]. This
means that subjects with type 2 diabetes, who follow the recommendations, will for a substan-
tial part of their life be acutely influenced by the last exercise bout. Therefore, the acute effects
of exercise are important to investigate.
We have tested aerobic interval walking (IW) as a novel type of exercise and found that
both a long-term exercise intervention [4,5] and a single exercise bout [6] is superior to energy-
expenditure and time-durationmatched continuous walking (CW) exercise for improving gly-
cemic control in subjects with type 2 diabetes. IW, as we have tested it so far, consists of cycles
of 3 min of slow and 3 min of fast walking (IW3). Our results are supported by other studies of
interval-type interventions showing beneficial changes in metabolic variables when compared
to continuous-type interventions [7,8].
The reason why IW is superior to CW upon improving glycemic control is unclear. In that
context, at least two factors separate IW from CW: Peak exercise intensity and the alternating
intensity pattern (the shift from low to high intensity and vice versa). Since some studies have
found that continuous exercise with higher intensity results in greater improvements in meta-
bolic variables compared to continuous exercise with lower intensity [9–12], the peak exercise
intensity in IWmay be responsible for the larger improvements in IW compared to CW. Con-
versely, other studies have found no differences between higher vs. lower continuous intensity
exercise programs on metabolic variables [13–15], and one study has even found that a single
lower intensity exercise session improves glycemic control more than a single exercise session
with higher intensity [16]. Thus, with these inconsistencies of exercise intensity in mind, it may
be speculated that the alternating intensity pattern (the length and the number of intervals)
rather than the peak intensity is the responsible factor for the beneficial effects seen of interval-
based exercise.
In that context, one study including overweight/obesemen compared two high intensity
interval training programs consisting of cycles of 1 min and 2 min duration, respectively [17].
Both programs showed improvements in insulin sensitivity compared to control, but there was
no difference between the two programs. In this study however, the duration of each exercise
session was of only 10 min and the subjects included were not diagnosedwith type 2 diabetes.
Another study found that longer intervals resulted in increased physiological strain and higher
carbohydrate utilization [18]. This study, however, was performed in healthy subjects, and did
not assess glycemic control in the period following exercise. As far as we are aware, no studies
have examined glycemic control in subjects with type 2 diabetes after exercise sessions of differ-
ent interval length but with the same time duration and intensity of the exercise.
Therefore, the aim of this study was to investigate whether the benefit from an acute interval
exercise session on postprandial glycemic control can be increased if more intervals are per-
formed. For this purposewe compared IW3 to an interval session consisting of repeated cycles
of 1 min of slow and 1 min of fast walking (IW1) in subjects with type 2 diabetes. The two exer-
cise sessions were matched with regards to walking speed and time spend on fast and slow
walking.We hypothesized that both exercise sessions were superior to no walking upon
improving glycemic control, and furthermore that IW1 might improve glycemic control more
than IW3.
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Materials and Methods
Subjects
Subjects with type 2 diabetes [3], age> 30 years and bodymass index (BMI) between 18 and
40 kg/m2, were recruited to the study via advertisements. Exclusion criteria were the use of
exogenous insulin, pregnancy, smoking, evidence of liver, renal, cardiopulmonary or thyroid
disease, pre-menopausal status (for women) and contraindications to increased levels of physi-
cal activity [19].
All subjects underwent a medical screening including a medical examination, a blood chem-
istry screen, an oral glucose tolerance test (OGTT), a Dual x-ray absorptiometry (DXA) scan
(Lunar Prodigy Advance, GE Healthcare, Madison,WI, USA) and a graded walking VO2peak-
test with a portable indirect calorimetry system (CosmedK4b2, Rome, Italy). Furthermore,
subjects completed a physical activity questionnaire [20].
The VO2peak test consisted of three successive 3-min stages where subjects walked on flat
ground with subjective velocities: slow, moderate and as fast as possible. Subjects were paced by
an instructor to ensure that they walked as fast as possible during the last stage. The VO2peak
was calculated as the mean oxygen consumption during the last min of the last stage [6,21].
Oral and written informed consent was obtained from all subjects. The study was approved
by the ethical committee of the Capital Region of Denmark (H-1-2014-060) and prospectively
registered at www.ClinicalTrials.gov (NCT02257190).
The sample size was based on our previous study evaluating differences in postprandial gly-
cemic control after IW3 vs. CON [6]. In that study, an effect size of 1.10 mmol/l in mean glu-
cose levels during the MMTTwas found between IW3 and CON (Mean±standard
deviation = 8.7±2.2 mmol/l and 9.9±2.7 mmol/l for IW and CON, respectively. Correlation
between interventions = 0.92). To adjust for multiple comparisons, α was set at 0.017 (0.05/3).
With a selected power (1-β) of 0.80, analysis (GPower, v3.1.9.2, Düsseldorf, Germany) indi-
cated that 12 subjects should complete the study.
Trials
All subjects performed three trials in a non-randomized but counterbalanced order. Trials
were identical except for the following interventions: 1) One hour of interval walking consisting
of repeated cycles of 3 min slow and 3 min fast walking (IW3); 2) One hour of interval walking
consisting of repeated cycles of 1 min slow and 1 min fast walking (IW1); and 3) No walking
(CON). Neither the subjects, nor the study investigators were blinded. Trials were separated by
at least one week. Subjects were asked to withhold anti-diabeticmedication and to abstain
from vigorous activity from two days before until the end of each trial day. Moreover, subjects
were instructed to eat the same food and to refrain from caffeine and alcohol for 24 hours prior
to each trial day. As such, all consumed food and beverages was measured and registered by
the subjects in a 24 h diet record in order for them to replicate it exactly. In the beginning of
each intervention day, the diet records were checked by the investigators and the subjects con-
firmed that no vigorous physical activity had been performed for the preceding 48 hours.
Intervention day
Following an overnight fast (8 hours), subjects arrived at the laboratory, body weight was
measured and an antecubital venous catheter for blood sampling was placed. Baseline blood
samples were taken, and the intervention was initiated. During the IW1 and IW3 interventions,
subjects walked on a treadmill with 1% incline, and during the control intervention subjects sat
on a chair for one hour instead of walking. Breath-by-breath indirect calorimetry (Cosmed
Acute Interval-Type Exercise and Glycemic Control
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Quark, Rome, Italy) and heart rate monitoring (Cosmed,Wireless HRmonitor) was carried
out continuously during the interventions. The two exercise interventions were matched
regarding time duration and walking speed.
In the end of both slow (t = 27 and 57 min) and fast (t = 30 and 60 min) intervals, subjects
were asked to assess the current rate of perceived exertion (RPE) using a Borg scale [22]. Fol-
lowing the intervention subjects were additionally asked to rate the overall perceived exertion
for the total intervention. After completing both exercise interventions subjects were asked
which intervention they found was the harder one and which intervention they preferred.
After the intervention, subjects rested in a bed, and 30 min after termination of the interven-
tion, a 4-hour standardized liquid mixedmeal tolerance test (MMTT) was initiated (Nestlé
Resource Komplett Näring 1.5, Frankfurt, Germany, 300 ml, 450 kcal; macronutrient composi-
tion: carbohydrates 55E%, protein 15E% and fat 30E%).
Blood Sampling and Analysis
Blood samples were collected at baseline (t = 0), during both slow (t = 27 and 57 min) and
fast (t = 30 and 60 min) intervals of the intervention and every 15th minute throughout the
MMTT. Glucose and lactate levels were analyzed immediately in heparinized blood (ABL800
FLEX analyser, Radiometer, Broenshoej, Denmark). Blood samples for subsequent analyses
of insulin (LithiumHeparin tubes) were immediately placed on ice, centrifuged (2000 x g, at
4°C for 15 min), and plasma was extracted and stored at –80°C until analysis. Insulin levels
were measured by electrochemiluminescense immunoassay (Cobas 8000, e602 modular,
Roche, Basel, Switzerland).
Trial order
Concerning exercise intensity, the aim was to reach oxygen consumption rates at 54 and 89%
of the individual VO2peak during the last minute of IW3 for slow and fast intervals, respec-
tively. These intensities have previously shown efficient for improving postprandial glycemic
control after an acute bout of IW3 in subjects with type 2 diabetes [5,6]. To ensure that the
individual walking speeds corresponded to the correct oxygen consumption rates during IW3,
the first 3 subjects started with the IW3 intervention and the walking speed was adjusted con-
tinuously to reach correct intensities throughout the exercise bout, while the walking speeds
were registered. The walking speeds found during IW3 for these 3 subjects were then replicated
during the following IW1 exercise intervention. Oxygen consumption rates relative to
VO2peak during fast and slow IW1 intervals in these 3 subjects were subsequently used to
determine oxygen consumption rates during fast and slow IW1 intervals, for upcoming IW1
exercise bouts in subjects where IW1 was performed before IW3. The remaining 10 subjects
were allocated to trials in a way by which the entire study was counterbalanced (see Fig 1).
Study outcomes
The primary outcome was postprandial glycemic control following each intervention.
Secondary outcomes included insulin levels and insulin sensitivity measures after each
intervention, and ancillary analyses included RPE and preferred exercise intervention.
Calculations
Total oxygen consumption and HR were calculated as mean during the entire intervention. For
IW1 and IW3 oxygen consumption were also calculated as mean during both the slow and the
fast intervals. Oxygen consumption and HR were furthermore calculated during the last
Acute Interval-Type Exercise and Glycemic Control
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Fig 1. CONSORT flow diagram.
doi:10.1371/journal.pone.0163562.g001
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minute of both the slow and the fast intervals for IW3, and compared to the corresponding
minutes during IW1.
Glucose, insulin and lactate values at baseline and during exercise are reported as absolute
values. After the interventions and during the MMTT, glucose values are reported as absolute
as well as incremental values (baseline subtracted).
Insulin sensitivity was estimated using different insulin sensitivity indices before/during the
MMTT [23–26].
Statistics
Variables primarily relevant to the exercise trials (VO2, HR, lactate and RPE) were compared
using Student’s paired t-test.
Variables relevant to all trials were compared using one-way (trial as factor) repeated-mea-
sures analysis of variance (RM-ANOVA), with Bonferroni-correctedpost hoc tests applied to
identify significant differences between interventions.
All statistical analyses were performed using Prism v6 (Graphpad, San Diego, CA).
Results are reported as mean±SD. A P-value < 0.05 (two-tailed) was considered significant.
Results
Subjects
Recruitment started at October 1st, 2014, and last intervention day was May 31st, 2015. Thir-
teen subjects were recruited to the study. One subject dropped out due to personal reasons.
The remaining twelve subjects completed all three trial days as planned. For one subject, the
estradiol levels fluctuated substantially between intervention days which raised doubt about
her menopausal status. Since the female menstrual cycle may influence glycemic control
[27,28], this subject was excluded from the data analysis. As such, eleven subjects were included
in the data analysis and their baseline characteristics are shown in Table 1.
None of the subjects had changes in their medication throughout the study, and no adverse
events were seen during the study.
Interventions
Exercise characteristics are shown in Table 2.
Mean VO2 during exercise was not different between IW1 and IW3, whereas VO2 was
lower and higher during slow and fast intervals respectively, when comparing IW3 to IW1 (Fig
2 and Table 2). This was evenmore pronounced when the last minute of the IW3 intervals
(during which VO2 reached 54.5±7.4 and 83.0±12.5% of the VO2peak during slow and fast
intervals respectively), was compared to the correspondingminutes of IW1 (where 70.6±8.3
and 69.8±8.5% of VO2peak were reached for slow and fast intervals respectively).
There was no significant difference in body weight between trials prior to the interventions
(87.0±20.1 kg vs. 86.9±20.6 kg vs. 87.2±20.6 kg for CON, IW1 and IW3, respectively; P> 0.05
for all).
During the exercise interventions, VO2 was at all times higher than during the control inter-
vention (data not shown).
Mean HR during exercise was not significantly different between IW1 and IW3 (P> 0.05).
IW3 resulted in higher HR during the fast intervals as compared to IW1 (P< 0.01), whereas
IW3 tended to be lower compared to IW1 during the slow intervals (P< 0.1). When compar-
ing the last minute of the IW3 intervals to the correspondingminutes of IW1 there was a sig-
nificant difference for both the slow (P< 0.01) and for the fast (P< 0.001) intervals.
Acute Interval-Type Exercise and Glycemic Control
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Throughout the exercise interventions, HR was at all times higher than during the control
intervention (66.5 bpm±9.4, P<0.01 for both).
Blood lactate levels during the exercise intervention were at all times higher in IW3 com-
pared to IW1, and for both IW3 and IW1 at all times higher compared to control (0.96±0.06,
P<0.01 for both).
Glycemic control
There were no significant differences in baseline blood glucose levels between trial days before
the interventions (8.2±1.8 mmol/L vs. 8.2±1.5 mmol/L vs. 8.0±1.4 mmol/L for CON, IW1 and
IW3, respectively; P> 0.05 for all) (Fig 3A).
For statistical analyses of the mean glucose levels during the intervention/MMTT, please
refer to Fig 4.
There were no significant differences in mean blood glucose levels during any of the inter-
ventions, even though IW3 was borderline significantly lower compared to CON (Fig 4A). Nor
were there any differences in glucose levels after the intervention (at time t = 60, 75 and 90
min) between interventions. In the end of the intervention (t = 60 min) mean incremental
blood glucose levels were significantly lower after IW3 compared to CON (P< 0.05), whereas
no significant differences were seen between IW1 and CON or between IW1 and IW3
(P> 0.05 for both).
Table 1. Baseline characteristics.
N 11
Sex (M/F) 6/5
Age (y) 61.6 ± 8.3
Time since diagnosis (y) 7.0 ± 3.7
MLTPAQ (kcal/day) 265.5 ± 154.7
Body composition
Body mass (kg) 87.1 ± 20.4
BMI (kg/m2) 29.0 ± 5.0
Lean body mass (kg) 56.1 ± 13.0
Body fat content (%) 35.8 ± 9.9
Medication
No diabetes medication 2
Metformin 8
Sulfonylureas 2
DPP4 inhibitors 4
Glycemic control
Fasting glucose (mmol/L) 7.2 ± 1.1
Fasting insulin (pmol/L) 109.2 ± 58.1
2 h OGTT glucose (mmol/L) 14.7 ± 4.3
HbA1c (mmol/mol) 46.5 ± 6.3
Fitness variables
VO2peak (L O2/min) 2.0 ± 0.5
Data are mean ± SD.
MLTPAQ = Minnesota Leisure Time Physical activity [20], BMI = Body Mass Index, OGTT = oral glucose
tolerance test, HbA1c = Hemoglobin A1c, VO2peak = peak oxygen consumption rate during walking on flat
ground.
doi:10.1371/journal.pone.0163562.t001
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Mean blood glucose levels during the MMTT (Fig 4B) were lower after IW3 compared to
CON (10.3±3.0 vs. 11.1±3.3; P< 0.05), while IW1 (10.5±2.8) did not differ significantly from
CON or IW3 (P> 0.05 for both).When only considering the last 2 or 3 hours of the MMTT,
IW1 tended to be lower than CON (P = 0.06 and P = 0.08, respectively), with IW3 still being
significantly lower than CON (P<0.05 for both). Moreover, glucose levels were significantly
lower during both IW3 and IW1 compared to CON at several specific time points during the
MMTT (Fig 3A). No significant difference in mean blood glucose levels were seen between
IW1 and IW3 for any part of the MMTT (P> 0.05).
No significant differences in maximal glucose levels during the MMTTwere seen between
any of the interventions (Fig 4C). Nor were there any significant differences in mean- or maxi-
mal incremental glucose levels during the MMTT.
Insulin levels and insulin sensitivity indices
No differences in baseline plasma insulin levels were seen between intervention days (P> 0.05
for all) (Fig 3B). Immediately after the intervention, insulin levels were lower for IW1 and IW3
compared to CON (P< 0.001 for both), whereas no difference was seen between IW1 and IW3
(P> 0.05). Fifteenminutes after termination of the intervention, insulin levels were higher
after IW1 compared to CON (P< 0.001) and IW3 tended to be higher compared to CON
Table 2. Exercise characteristics.
IW1 IW3
Speed (km/h) Slow 3.7 ± 0.7 3.7 ± 0.7
Fast 6.1 ± 0.7 6.1 ± 0.7
Mean 4.9 ± 0.7 4.9 ± 0.7
VO2 (ml/min) Slow 1412 ± 380 1248 ± 335 #
Fast 1417 ± 375 1550 ± 444 #
Mean 1415 ± 376 1399 ± 389
VO2 (ml/min)* Slow 1435 ± 382 1101 ± 290 #
Fast 1416 ± 378 1694 ± 486 #
RER Slow 0.81 ± 0.04 0.84 ± 0.03 #
Fast 0.84 ± 0.04 0.82 ± 0.03
Mean 0.82 ± 0.04 0.83 ± 0.03
HR (bpm) Slow 104.8 ± 11.3 101.7 ± 10.2
Fast 104.2 ± 10.7 111.6 ± 10.4 #
Mean 104.5 ± 11.0 106.6 ± 10.1
Lactate (mmol/L) Slow 1.36 ± 0.30 1.58 ± 0.43 #
Fast 1.30 ± 0.32 1.58 ± 0.44 #
Mean 1.33 ± 0.31 1.58 ± 0.43 #
RPE (a.u.) Slow 11.1 ± 1.5 11.2 ± 1.5
Fast 13.3 ± 1.5 13.5 ± 1.8
Mean 12.2 ± 1.4 12.3 ± 1.4
Total 12.9 ± 1.9 13.0 ± 1.3
# P < 0.05; IW1 vs. IW3
*Oxygen consumption rate during the slow and fast intervals of the IW3 intervention measured during the last minute in each of the 3 minute intervals. For
IW1, oxygen consumption rate during the corresponding minutes was calculated.
Data are mean ± SD.
VO2 = oxygen consumption rate, RER = respiratory exchange ratio, HR = heart rate, bpm = beats per minute, RPE = Rate of Perceived Exertion.
doi:10.1371/journal.pone.0163562.t002
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(P< 0.1), whereas no difference was seen between IW1 and IW3 (P> 0.05). There were no sig-
nificant differences in mean insulin levels during the MMTT between any of the trials
(P> 0.05 for all comparisons), nor were there any significant differences in any of the mea-
sured insulin sensitivity indices between the trials (data not shown, P> 0.05 for all
comparisons).
RPE and preferred program
Data of RPE are shown in Table 2. No differences in RPE were seen between the exercise inter-
ventions during slow or fast intervals or when looking at mean. There was also no difference in
overall RPE for the total intervention.
Fig 2. Representative examples of IW3 (A) and IW1 (B) from the same subject. Subjects with type 2
diabetes completed a cross-over study where they underwent three 1-hour interventions in a
counterbalanced order: 1) Interval walking consisting of repeated cycles of 3 min slow and 3 min fast walking
(IW3); 2) Interval walking consisting of repeated cycles of 1 min slow and 1 min fast walking (IW1) and 3) No
walking (CON). Oxygen consumption and heart rate were measured throughout the interventions.
doi:10.1371/journal.pone.0163562.g002
Acute Interval-Type Exercise and Glycemic Control
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Fig 3. Blood glucose (A) and plasma insulin (B) levels. Subjects with type 2 diabetes completed a cross-
over study where they underwent three 1-hour interventions in a counterbalanced order: 1) Interval walking
consisting of repeated cycles of 3 min slow and 3 min fast walking (IW3); 2) Interval walking consisting of
repeated cycles of 1 min slow and 1 min fast walking (IW1) and 3) No walking (CON). A liquid mixed meal
tolerance test (MMTT) was started 30 minutes after end of the intervention. The shaded area indicates the
intervention (t = 0–60 min), whereas the dotted vertical line indicates start of the MMTT (t = 90 min). Data are
presented as mean ± SEM. Differences at specific time points (P<0.05) were analysed by one-way repeated
measures ANOVA with Bonferroni-corrected post hoc tests. * indicates CON vs. IW3 and ˚ indicates CON
vs. IW1.
doi:10.1371/journal.pone.0163562.g003
Acute Interval-Type Exercise and Glycemic Control
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Eight of the eleven subjects preferred the IW3 intervention, whereas three preferred the
IW1 intervention. Furthermore, eight subjects found the IW3 intervention to be the hardest
one, while two subjects found the IW1 intervention to be the hardest one. One subject found
the two exercise interventions equally hard. Five of the eight subjects that preferred IW3 also
found this to be the harder intervention, whereas the three subjects that preferred IW1 all
found IW3 hardest.
Discussion
In this study we examined the effects of acute bouts of interval walking on postprandial glyce-
mic control in type 2 diabetic patients. We found that one interval walking bout consisting of 3
min intervals improved postprandial blood glucose levels on a standardizedmeal initiated 30
min after completion of the exercise bout in subjects with type 2 diabetes as compared to no
walking, which is consistent with our previous findings [6]. Whereas the mean postprandial
glucose levels after the IW1 intervention did not differ significantly from the control interven-
tion, the postprandial glucose levels after both IW3 and IW1 were significantly lower at specific
time points throughout the MMTT compared to CON. Conversely, we found no differences in
postprandial glucose levels between IW1 and IW3, neither for the MMTT overall or at any spe-
cific time points throughout the MMTT. Thus, tripling the number of intervals while keeping
the walking speed, time spent on fast and slow walking and overall oxygen consumption con-
stant did not further improve the glycemic control, suggesting that the cyclic pattern per se is
not responsible for the beneficial effects of interval walking.
The two exercise sessions, IW1 and IW3, were matched regarding walking speed during
slow and fast intervals, respectively, and total time spent on fast and slow walking.We observed
that the mean oxygen consumption rate during exercise was the same in IW1 and IW3, sug-
gesting that the walking economy did not depend on the length of the intervals and was appar-
ently not affected by the number of accelerations and decelerations. These results made it
possible to compare the two interval programs not only with regards to time and walking
speed, but also with regards to energy expenditure and mean intensity.
Despite the fact that no difference in mean oxygen consumption between trials was seen,
IW3 resulted in higher peak oxygen consumption values and lower nadirs during fast and slow
intervals, respectively. Also, HR reached higher values during fast intervals and tended to reach
Fig 4. Mean blood glucose levels during the intervention (A) and the MMTT (B) and maximal blood glucose levels during the MMTT (C).
Subjects with type 2 diabetes completed a cross-over study where they underwent three 1-hour interventions in a counterbalanced order: 1) Interval
walking consisting of repeated cycles of 3 min slow and 3 min fast walking (IW3); 2) Interval walking consisting of repeated cycles of 1 min slow and 1 min
fast walking (IW1) and 3) Control (no walking; CON). A 4 hour mixed meal tolerance test (MMTT) was started 30 minutes after end of the intervention
(t = 90 min). Data are presented as mean ± SD. Differences were analysed by one-way repeated measures ANOVA with Bonferroni-corrected post hoc
tests.
doi:10.1371/journal.pone.0163562.g004
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lower values during slow intervals, when comparing IW3 to IW1, whereas lactate levels during
exercise at all times were higher during IW3 compared to IW1. In this way, the physiological
stress of exercise was probably higher during IW3 compared to IW1, something which has pre-
viously been found [18]. However, although we observeddifferences in lactate levels between
the exercise interventions, we find it important to emphasize that the lactate levels were stable
throughout the exercise interventions and at all time consistent with aerobic exercise [29].
Thus, we believe that the exercise sessions employed had lower peak intensities compared to
previous studies [17,18], and, although no formal definition is available, we do not consider
our exercise sessions to be ‘high-intensity interval exercise’.
Although far from significant, one might speculate that IW3 might improve postprandial
glycemic control more than IW1, at least towards the end of the MMTT (Fig 3A). Also point-
ing in that direction, overall mean glucose levels during the MMTTdiffered significantly
between IW3 and CONwhereas no overall difference was found between IW1 and CON.
Thus, the fact that IW3 reached higher peak intensity during the fast intervals compared to
IW1, might indicate, that the peak exercise intensity is the most important factor.
However, since IW1 and IW3 differed both with regards to the peak intensity and with
regards to the number of cycles, we cannot completely rule out that the more intervals and
thereby the more accelerations and decelerations results in greater beneficial effect on blood
glucose levels. If assuming that the peak exercise intensity also contributes to the beneficial
effects seen, the effects of more cycles might be masked. Consequently, the question of whether
peak exercise intensity is the more important factor for postprandial glycemic control in inter-
val type exercise needs to be further investigated in future studies.
Although the insulin sensitivity indices we used in this study are not the golden standard for
evaluating insulin sensitivity, there were no indications of any differences in insulin sensitivity
between the trials. Even though the calculations were based on an MMTT instead of an OGTT
as originally described and validated, which therefore limits the comparability to previous stud-
ies, our results indicate that the differences found in glycemic control between IW3 and CON,
should be sought in insulin sensitivity-independentmechanisms.
For an exercise intervention to be successfully implemented in free-living settings, motiva-
tion and perceived exertion are both very important factors. The fact that eight out of eleven
subjects preferred the IW3 program, despite that eight of the eleven found this program the
hardest one, was paradoxical and surprising. Individual preferences and motivation should be
considered when recommending an exercise program in order to enhance compliance. More-
over, while free-living adherence to our two types of interval exercise sessions is unknown, it is
very important to assess since it has been suggested that the adherence to interval training
regimesmay be reduced when training is performed in a free-living setting [30].
The lack of difference in mean incremental glucose levels and maximal glucose levels
between IW3 and CON during the MMTT is contrary to our previous findings, despite fairly
similar subject characteristics in the two studies [6]. This may have been caused by the fact that
the intensities during the interval exercise sessions fell short of the aimed intensities. This may
also potentially explain the missing significant differences in overall mean absolute glucose val-
ues during the MMTT between IW1 and CON, where higher intensities might have led to sig-
nificant beneficial effects. Furthermore, when looking at Fig 3A, one may suspect that the
missing significant beneficial effect in mean glucose levels during the MMTT after IW1 com-
pared to CON is due to low power. In this context, it should be noted that the sample size cal-
culation performedwas only based on comparisons between IW3 and CON. Thus, no formal
sample size calculations were performed to assess differences between neither IW1 and CON,
or IW3 and IW1. Moreover, since we had to exclude one subject from the analyses due to fluc-
tuating estradiol levels, the achieved power for our primary outcome was 0.76 instead of the a
Acute Interval-Type Exercise and Glycemic Control
PLOS ONE | DOI:10.1371/journal.pone.0163562 October 3, 2016 12 / 15
priori chosen power of 0.80. Overall, we were probably underpowered to detect differences
between IW1 and CON and largely underpowered to detect differences (or similarities)
between IW3 and IW1 and, as such, no final conclusions regarding these comparisons can be
drawn.
Some studies suggest that the effects of an acute bout of exercise on postprandial glycemic
control in subjects with type 2 diabetes is more pronounced after the secondmeal [16,31].
These studies have however only investigated exercise with constant intensities, and whether
the same is the case following acute interval-type exercise needs to be investigated in future
studies. However, Gillen et al. found that postprandial glucose levels in subject with type 2 dia-
betes were lower for the subsequent 24 hours following a single interval-type exercise session
compared to the control situation [32] and the same group [33] described that a similar inter-
val-type exercise session improved glycemic control following breakfast on the following day
compared to no exercise and continuous exercise in obese/overweightsubjects. If glycemic con-
trol in our study was assessed not immediately after the exercise session, but instead through-
out the day and the following day, one might speculate that the effects of interval exercise
would be more pronounced and if IW1 would also have reached significant difference.
In conclusion, the current study showed that an acute bout of IW3 improved postprandial
glycemic control on a standardizedmeal initiated 30 min after completion of the intervention
compared to no walking. IW1 did not result in significant improvements in overall mean post-
prandial glucose levels compared to CON, but blood glucose levels at specific time points dur-
ing the MMTTwere lower in IW1 compared to CON. No differences in postprandial glycemic
control were seen between IW1 and IW3. Thus, interval training with three minute intervals
can be recommended for improving postprandial glycemic control in subjects with type 2 dia-
betes, whereas the importance of interval length needs to be further addressed in future studies.
Supporting Information
S1 Protocol. Study Protocol.
(DOC)
S1 TRENDChecklist.
(PDF)
Acknowledgments
Margaret A. Clark is acknowledged for her technical assistance.
Author Contributions
Conceptualization:KK.
Formal analysis:KK IJ.
Funding acquisition:KK.
Investigation: KK IJ.
Methodology:KK TPJS.
Project administration:KK.
Resources:KK IJ.
Supervision:KK.
Acute Interval-Type Exercise and Glycemic Control
PLOS ONE | DOI:10.1371/journal.pone.0163562 October 3, 2016 13 / 15
Visualization: KK IJ.
Writing – original draft:KK IJ.
Writing – review& editing:KK IJ TPJS.
References
1. Boule´ NG, Haddad E, Kenny GP, Wells G, Sigal RJ. Effects of exercise on glycemic control and body
mass in type 2 diabetes mellitus: a meta-analysis of controlled clinical trials. JAMA. 2001; 286
(10):1218–27. doi: 10.1001/jama.286.10.1218 PMID: 11559268
2. Snowling NJ, Hopkins WG. Effects of different modes of exercise training on glucose control and risk
factors for complications in type 2 diabetic patients: A meta-analysis. Diabetes Care. 2006; 29
(11):2518–27. doi: 10.2337/dc06-1317 PMID: 17065697
3. American Diabetes Association. Standards of Medical Care in Diabetes. Diabetes Care. 2015; 38
Suppl 1.
4. Karstoft K, Winding K, Knudsen SH, James NG, Scheel MM, Olesen J, et al. Mechanisms behind the
superior effects of interval vs continuous training on glycaemic control in individuals with type 2 diabe-
tes: a randomised controlled trial. Diabetologia. 2014;2081–93. doi: 10.1007/s00125-014-3334-5
PMID: 25099941
5. Karstoft K, Winding K, Knudsen SH, Nielsen JS, Thomsen C, Pedersen BK, et al. The Effects of Free-
Living Interval- Walking Training on Glycemic Control, Body Composition, and Physical Fitness in
Type 2 Diabetic Patients. Diabetes Care [Internet]. 2013; 36(July 2012):228–36. doi: 10.2337/dc12-
0658 PMID: 23002086
6. Karstoft K, Christensen CS, Pedersen BK, Solomon TPJ. The acute effects of interval- vs. continuous-
walking exercise on glycemic control in subjects with type 2 diabetes: a cross-over, controlled study. J
Clin Endocrinol Metab [Internet]. 2014; 99(July):3334–42. doi: 10.1210/jc.2014-1837 PMID: 24905068
7. Tjønna AE, Lee SJ, RognmoØ, Stølen TO, Bye A, Haram PM, et al. Aerobic interval training versus
continuous moderate exercise as a treatment for the metabolic syndrome: A pilot study. Circulation.
2008; 118(4):346–54. doi: 10.1161/CIRCULATIONAHA.108.772822 PMID: 18606913
8. Mitranun W, Deerochanawong C, Tanaka H, Suksom D. Continuous vs interval training on glycemic
control and macro- and microvascular reactivity in type 2 diabetic patients. Scand J Med Sci Sport.
2014; 24(2). doi: 10.1111/sms.12112 PMID: 24102912
9. Irving B a., Davis CK, Brock DW, Weltman JY, Swift D, Barrett EJ, et al. Effect of exercise training
intensity on abdominal visceral fat and body composition. Med Sci Sports Exerc. 2008; 40(11):1863–
72. doi: 10.1249/MSS.0b013e3181801d40 PMID: 18845966
10. DiPietro L, Dziura J, Yeckel CW, Neufer PD. Exercise and improved insulin sensitivity in older women:
evidence of the enduring benefits of higher intensity training. J Appl Physiol. 2006; 100(1):142–9. doi:
10.1152/japplphysiol.00474.2005 PMID: 16141382
11. Boule´ NG, Kenny GP, Haddad E, Wells G, Sigal RJ. Meta-analysis of the effect of structured exercise
training on cardiorespiratory fitness in Type 2 diabetes mellitus. Diabetologia. 2003; 46(8):1071–81.
doi: 10.1007/s00125-003-1160-2 PMID: 12856082
12. Balducci S, Zanuso S, Nicolucci A, Fernando F, Cavallo S, Cardelli P, et al. Anti-inflammatory effect of
exercise training in subjects with type 2 diabetes and the metabolic syndrome is dependent on exercise
modalities and independent of weight loss. Nutr Metab Cardiovasc Dis [Internet]. Elsevier Ltd; 2010;
20(8):608–17. doi: 10.1016/j.numecd.2009.04.015 PMID: 19695853
13. Hansen D, Dendale P, Jonkers RaM, Beelen M, Manders RJF, Corluy L, et al. Continuous low- to mod-
erate-intensity exercise training is as effective as moderate- to high-intensity exercise training at lower-
ing blood HbA1c in obese type 2 diabetes patients. Diabetologia. 2009; 52(9):1789–97. doi: 10.1007/
s00125-009-1354-3 PMID: 19370339
14. O’Donovan G, Kearney EM, Nevill AM, Woolf-May K, Bird SR. The effects of 24 weeks of moderate- or
high-intensity exercise on insulin resistance. Eur J Appl Physiol. 2005; 95(5–6):522–8. doi: 10.1007/
s00421-005-0040-5 PMID: 16151830
15. Houmard J a Tanner CJ, Slentz C, Duscha BD, McCartney JS, Kraus WE. Effect of the volume and
intensity of exercise training on insulin sensitivity. J Appl Physiol [Internet]. 2004; 96(1):101–6. doi: 10.
1152/japplphysiol.00707.2003 PMID: 12972442
16. Manders RJF, Van Dijk JWM, Van Loon LJC. Low-intensity exercise reduces the prevalence of hyper-
glycemia in type 2 diabetes. Med Sci Sports Exerc. 2010; 42(2):219–25. doi: 10.1249/MSS.
0b013e3181b3b16d PMID: 19927038
Acute Interval-Type Exercise and Glycemic Control
PLOS ONE | DOI:10.1371/journal.pone.0163562 October 3, 2016 14 / 15
17. Smith-ryan AE, Melvin MN, Wingfield HL. High-intensity interval training: Modulating interval duration
in overweight/obese men. Phys Sport. 2015; 43(2):107–13. doi: 10.1080/00913847.2015.1037231
PMID: 25913937
18. Price M, Halabi K. The effects of work–rest duration on intermittent exercise and subsequent perfor-
mance. J Sports Sci [Internet]. 2005; 23(8):835–42. doi: 10.1080/02640410400021971 PMID:
16195035
19. Pedersen BK, Saltin B. Evidence for prescribing exercise as therapy in chronic disease. Insulin. 2006;
16:3–63. doi: 10.1111/j.1600-0838.2006.00520.x PMID: 16451303
20. Taylor HL, Jacobs DR, Schucker B, Knudsen J, Leon AS, Debacker G. A questionnaire for the assess-
ment of leisure time physical activities. J Chronic Dis. 1978; 31(12):741–55. doi: 10.1016/0021-9681
(78)90058-9 PMID: 748370
21. Nemoto K, Gen-no H, Masuki S, Okazaki K, Nose H. Effects of High-Intensity Interval Walking Training
on Physical Fitness and Blood Pressure in Middle-Aged and Older People. Mayo Clin Proc. 2007; 82
(7):803–11. doi: 10.4065/82.7.803 PMID: 17605959
22. Borg GA V. Psychophysical bases of perceived exertion. Med Sci Sport Exerc. 1982; 14(5):377–81.
doi: 10.1249/00005768-198205000-00012 PMID: 7154893
23. Matsuda M, DeFronzo R. Insulin sensitivity indices obtained from oral glucose tolerance testing: Com-
parison with the euglycemic insulin clamp. Diabetes Care. 1999; 22(9):1462–70. doi: 10.2337/diacare.
22.9.1462 PMID: 10480510
24. Stumvoll M, Mitrakou A, Pimenta W, Jenssen T, Yki-Ja¨rvinen H, van Haeften T, et al. Use of the Oral
Glucose Tolerance Test to Assess Insulin Release and Insulin Sensitivity. Diabetes Care. 2000; 23
(3):295–301. doi: 10.2337/diacare.23.3.295 PMID: 10868854
25. Cederholm J, Wibell L. Insulin release and peripheral sensitivity at the oral glucose tolerance test. Dia-
betes Res Clin Pract. 1990; 10(2):167–75. doi: 10.1016/0168-8227(90)90040-Z PMID: 2261853
26. Levy JC, Matthews DR, Hermans MP. Correct Homeostasis Model Assessment (HOMA) Evaluation
Uses the Computer Program. Diabetes Care. 1998; 21(12):2191–2. doi: 10.2337/diacare.21.12.2191
PMID: 9839117
27. Widom B, Diamond MP, Simonson DC. Alterations in glucose metabolism during menstrual cycle in
women with IDDM. Diabetes Care. 1992; 15(2):213–20. doi: 10.2337/diacare.15.2.213 PMID:
1547678
28. Jarrett RJ, Graver HJ. Changes in oral glucose tolerance during normal menstrual cycle. Br Med J.
1968; 2:528–9. PMID: 5724450
29. Faude O, Kindermann W, Meyer T. Lactate threshold concepts: how valid are they? Sports Med. 2009;
39(6):469–90. doi: 10.2165/00007256-200939060-00003 PMID: 19453206
30. Lunt H, Draper N, Marshall HC, Logan FJ, Hamlin MJ, Shearman JP, et al. High Intensity Interval
Training in a Real World Setting: A Randomized Controlled Feasibility Study in Overweight Inactive
Adults, Measuring Change in Maximal Oxygen Uptake. PLoS One [Internet]. 2014; 9(1). doi: 10.1371/
journal.pone.0083256 PMID: 24454698
31. Oberlin DJ, Mikus CR, Kearney ML, Hinton PS, Manrique C, Leidy HJ, et al. One bout of exercise alters
free-living postprandial glycemia in type 2 diabetes. Med Sci Sports Exerc. 2014; 46(2):232–8. doi: 10.
1249/MSS.0b013e3182a54d85 PMID: 23872939
32. Gillen JB, Little JP, Punthakee Z, Tarnopolsky MA, Riddell MC, Gibala MJ. Acute high-intensity interval
exercise reduces the postprandial glucose response and prevalence of hyperglycaemia in patients
with type 2 diabetes. Diabetes, Obes Metab. 2012; 14(6):575–7. doi: 10.1111/j.1463-1326.2012.
01564.x PMID: 22268455
33. Little JP, Jung ME, Wright AE, Wright W, Manders RJF. Effects of high-intensity interval exercise ver-
sus continuous moderate-intensity exercise on postprandial glycemic control assessed by continuous
glucose monitoring in obese adults. Appl Physiol Nutr Metab [Internet]. 2014; 39(7):835–41. doi: 10.
1139/apnm-2013-0512 PMID: 24773254
Acute Interval-Type Exercise and Glycemic Control
PLOS ONE | DOI:10.1371/journal.pone.0163562 October 3, 2016 15 / 15
